The hemodynamic properties of the ventricle are related to those of the arterial load. However, the precise nature of this relation is not known. At least three different matching criteria have been described in the literature: optimization of heart rate, of power output, and of external efficiency. Although these suggestions are based on experimental findings, there is little understanding of the underlying principles. We now suggest that the balance between the ventricle and its load is a result of the evolutionary process. To support our view, three simple assumptions are proposed regarding the evolutionary determinants underlying the relation between ventricle and arterial load: 1) Arterial pressure and flow to be generated by the ventricular pump under normal (control) conditions are set by the demands of the body. 2) Mechanical properties of contractile machinery and arterial wall material are given.
understand the relation between the ventricle and its arterial load on the basis of how it developed. A major difficulty in this approach is that assumptions about determinants of the direction of the development and the biological constraints can often not be tested. However, there is little doubt that both played a crucial role in how the cardiovascular system evolved. A pragmatic course of study is to keep the assumptions simple and to limit their number to a minimum. We based our considerations about how the ventricular pump evolved to balance the arterial load on the following assumptions: 1) Arterial pressure and flow to be generated by the ventricular pump under normal (control) conditions are set by the demands of the body. 2) Mechanical properties of contractile machinery and arterial wall material are given.
3) The heart and arterial system should have minimum size.
Minimizing energy turnover does not appear in the list. Mammalian muscle cells can adapt their size, aerobic capacity, and energy turnover when the body requires a different level of activity. Another constraint seemingly lacking is that the ventricular pump should be capable of generating more flow when required by the body (fight and flight). The Matching Criteria Three ideas regarding the nature of hemodynamic matching between the ventricle and its load can presently be found in the literature. It has been suggested that the differences in resting heart rate between species correspond with the frequency at which a minimum in the arterial input impedance occurs.34 Other approaches have suggested that the cardiac pump is designed to optimize its power output6 or its efficiency.7 We will discuss these ideas within the framework set by the three assumptions presented in the introduction.
Optimum Heart Rate
The argument that higher heart rates are found in smaller animals ( Figure 1) would have to be larger to maintain output. In addition, since mean pressure is kept at 100 mm Hg, higher systolic pressures need to be generated, which would require a thicker heart wall and thicker arterial walls (see assumptions 2 and 3).
On the basis of the assumptions, it can be argued that heart rate is higher in smaller animals to keep pulse pressure constant, thus preventing the occurrence of low pressure and, at the same time, limiting the size of the ventricle and arteries. In support of this idea is the finding that the time constant of diastolic pressure decay is shorter in smaller animals and that, in fact, the ratio of the time constant and the heart period is the same for a variety of mammalian species (Figure 1 ).
Although this argument explains why smaller animals have higher rates, it does not make clear why large animals should not also have high rates. One consideration here might be that the propagation of the action potential would be far too slow for heart rates of 360 beats/min (e.g., in the whale). However, this explanation does not immediately follow from what is proposed in the introduction.
Optimum Power and Optimum Efficiency
The studies in the 1970s showing that the ventricle is neither a flow nor a pressure source but a pump Figure 2 .
In open-thorax cats,6 it appeared that, under control conditions, the working point (i.e., the steadystate pressure and output) of the left ventricle on the pump function graph is found close to optimum external power output. This finding confirms earlier results in the conscious dog13 and is also in agreement with findings in the isolated canine heart.14 The ventricle can maintain this position under a number of different hemodynamic conditions.6 However, when the circulation encounters more extreme hemodynamic changes, the ventricle no longer maintains the work point at optimum power. 15 Theoretical considerations7 and studies in anesthetized dogs16 and humans17 indicate that under normal circumstances the preferential position of the working point might be at optimum efficiency (Figure 2 ) rather than at optimum power. These two seemingly different views agree, however, that the position of the working point of the ventricle is set by a function that attains a zero value at both intercepts of the pump function graph and has its optimum value somewhere in between ( Figure 2 , middle and bottom graphs). It has been suggested that such an optimum position reflects the matching principle that governs the relation between the ventricle and its load. Before discussing the merits of this idea, it should be pointed out that the positions of these two maxima on the pump function graph do not differ greatly (see Figure 2) . They correspond to 58% and 69% of maximum cardiac output for the power and the efficiency optimum, respectively. 18 The implications of the idea that the ventricle is controlled to function either at optimum power or efficiency are not easily explained on the basis of current knowledge about cardiovascular control. For both variables, no known control mechanism is designed to keep the ventricle at either of these optimum values. Moreover, hypothetical receptors to monitor power or efficiency have not been described and are difficult to imagine. Finally, since both power and efficiency have their optimum at some intermediate output, any value lower than the optimum occurs twice, one at a higher and another at a lower output (Figure 2 ). Control mechanisms cannot easily accommodate this characteristic property, because neither of the two values contains information about the direction of the change required to return to the optimum position.
To understand why the ventricle tends to operate over a limited section near the middle of the pump function graph, it is helpful to turn to the assumptions based on the evolutionary principles. To develop the argument, it is useful to define the working point on the pump function graph of Figure 3 (inset); this working point corresponds with the pressure (P) and output (F) required by the body under normal (control) conditions (Pc and Fc, respectively) (assumption 1). An infinite number of pump function graphs can be drawn through this working point, each with different intercepts (such as Pm' and Fm' in the Figure 3 inset) on the flow and the pressure axis. The extremes are the horizontal and the vertical line through the working point representing a pressure source and flow source, respectively. For both extremes, the size of the heart will be extremely large; ventricular volume (and, The core of the argument presented above is that matching between the ventricle and its load results from a long selection process. On the basis of three assumptions, we argued that to attain minimum size a mammalian heart evolved with its working point quite close to optimum power and optimum efficiency and that a heart rate is required that guarantees sufficient pressure in diastole. The approach followed and the resulting view enhance the understanding of how matching between heart and arterial system must have arisen. By doing so, a long-standing question in circulatory research concerning the inter-action between the ventricle and its load is placed in a proper perspective.
From the scientific point of view, any explanation of observed phenomena based on evolutionary principles is speculative, since it is usually not possible to test the underlying assumptions experimentally. Nevertheless, to stimulate further thinking about what is proposed above and also in support thereof we will take the argument, explaining why the ventricle operates close to optimum power and efficiency, one step further by discussing how the mammalian heart can adapt to changes in arterial load.
It has been shown24 that not only the left but also the right ventricle of the adult cat operates at the optimum of its power output. This is especially of interest here, since the hemodynamic load faced by the right ventricle changes substantially at birth. Therefore, we must conclude that the changes in geometry after the closure of Botallo's duct reflect the tendency of the right ventricular pump to match the new arterial load and, thus, the myocardial property to meet a new hemodynamic demand with minimum size.
Hypertrophy is another example in which a change in cardiac volume follows a change in load. 25 Depending on the kind of change, two types are recognized: concentric hypertrophy resulting from increased arterial pressure and eccentric hypertrophy following volume overload. It has been demonstrated26 that the relation between the type of hypertrophy and the nature of the load change follows directly from the assumption that the ventricle strives to maintain its working point at the power optimum.
These findings suggest that the property through which the heart tends to meet the demands of the body with a minimum size during its evolution, as assumed here, appears to be inherent to the myocytes. It Equation A4 gives a ratio V1/V1 equal to 2.7.
